The structure of a cytosine-cytosine (CC) mismatch-containing RNA molecule derived from a hairpin structure in the thymidylate synthase mRNA that binds the aminoglycoside paromomycin with high affinity was determined using nuclear magnetic resonance (NMR) spectroscopy. The cytosines in the mismatch form a noncanonical base pair where both cytosines are uncharged and stack within the stem of the RNA structure. Binding to paromomycin was analyzed using isothermal titration calorimetry (ITC) to demonstrate the necessity of the CC mismatch and to determine the affinity dissociation constant of this RNA to paromomycin to be 0.5 6 0.3 mM. The CC mismatch, and the neighboring GC base pairs experienced the highest degree of chemical shift changes in their H6 and H5 resonances indicating that paromomycin binds in the major groove at the CC mismatch site. In comparing the structure of CC mismatch RNA with a fully Watson-Crick GC base paired stem, the CC mismatch is shown to confer a widening of the major groove. This widening, combined with the dynamic nature of the CC mismatch, enables binding of paromomycin to this RNA molecule.
INTRODUCTION
The roles played by RNA in biology are rapidly expanding as new functions performed by RNA are discovered. RNA is at the center of such vital cellular processes, such as RNA interference (Rana 2007) and gene regulation by riboswitches (Montange and Batey 2008) . As new roles for RNA become evident, the ability to influence and manipulate the function of RNA through the binding of small molecules gains importance (Chow and Bogdan 1997; Thomas and Hergenrother 2008) . A classic example of RNA-small molecule interactions is found in the aminoglycoside class of antibiotics that interacts with the ribosomal A-site. Structures of A-site RNA bound to members of the aminoglycoside family of molecules reveal that this class of ligand specifically binds one groove of the RNA and interact primarily with the mismatched or nonduplex regions of RNA (Fourmy et al. 1996; Carter et al. 2000; Vicens and Westhof 2001) . In addition to aminoglycosides, a number of other small molecules that bind the ribosomal A-site have been identified using a variety of different screening methods (Swayze et al. 2002; Yu et al. 2003; Foloppe et al. 2004; He et al. 2004; Maddaford et al. 2004) .
Aside from the binding of aminoglycosides to the ribosomal A-site, this class of antibiotics is a promiscuous binder and interacts with a large number of non-A-site containing RNA molecules. These include RNA/DNA triplexes and duplexes, RNA aptamers, ribozymes, tRNA, and at protein binding sites on RNA molecules (Chow and Bogdan 1997; Thomas and Hergenrother 2008) . Another RNA motif known to bind aminoglycosides, and the focus of this paper, is a cytosine-cytosine (CC) mismatch found in a hairpin structure in the mRNA that codes for the human thymidylate synthase (TS) protein, TS mRNA construct (TSMC) RNA (Fig. 1; Tok et al. 1999) . Recently, a combinatorial screening study of internal loop structures for aminoglycoside binding pulled out a CC mismatch in many RNA constructs (Disney et al. 2008) . Understanding the interaction of aminoglycosides with this non-A-site molecule could provide useful information related to the development of antibiotics with increased specificity for the ribosomal A-site, and lower affinity for non-A-site targets.
Conversely, an understanding of the CC mismatch structure and how it binds aminoglycosides may aid in the development of ligands specific for this RNA motif.
The TSMC RNA hairpin is one of two binding sites for the TS enzyme on its mRNA and is an example of an autoinhibitory feedback mechanism for controlling the translation of the TS enzyme (Chu et al. 1993) . The binding site for TS is at the translational initiation codon (AUG), which is located in the loop of a hairpin structure that contains a characteristic ''cytosine bulge'' in its stem (Fig. 1) . As the function of TS is to methylate dUMP to dTMP (Carreras and Santi 1995) , the autofeedback mechanism of TS binding on its own mRNA is necessary for indirectly controlling the rate of cell replication. A stringent regulation of this biochemical process is needed to circumvent the overexpression of TS, decrease high levels of dTMP, and reduce the potential for tumor growth (Hashimoto et al. 1988 (Hashimoto et al. , 2006 . As a result of its importance in metabolic pathways TS is an important anticancer drug target.
In order to better understand and potentially influence the TS interaction with its mRNA, Tok and co-workers have investigated the interaction between members of the aminoglycoside molecular family and the CC mismatch containing mRNA hairpin (Tok et al. 1999 ). However, structural information for this therapeutically important interaction is not known. In this paper, we present the structure of the CC mismatch from TSMC (Fig. 1B) , identify its paromomycin binding surface, and determine the affinity of paromomycin for the TSMC RNA.
RESULTS

ITC demonstrates that the CC mismatch is critical for paromomycin binding
The affinity of TSMC for paromomycin and the importance of the CC mismatch in TSMC-paromomycin interaction were assayed using isothermal titration calorimetry (ITC) (Fig. 2) . In the thermogram of TSMC interacting with paromomycin ( Fig. 2A) , with buffer conditions of 10 mM sodium phosphate at pH 6.4, 100 mM EDTA, 20°C, two binding events with different affinities were determined to be taking place as evident in the curvilinear shape of the binding curve. The data best fit a sequential two-site binding model. Two ITC experiments were performed with paromomycin concentrations of 20 and 35 mM, the affinity and enthalpy of binding are given in Table 1 .
In the case of a TSMC mutant, where the CC mismatch is substituted with a GC base pair (Fig. 2B) , no specific binding is observed under the same conditions. This clearly indicates the importance of the CC mismatch for TSMC binding paromomycin. Other buffer conditions were also tested for TSMC-paromomycin binding using ITC methods. At pH values of 4.7, 8.0, and 8.8 no binding was observed. For these three conditions, the thermogram resembled that shown in Figure 2B .
NMR assignments of TSMC
As a basis for structural and binding studies, the NMR spectrum of TSMC RNA was assigned. Following the H8 or H6 to H19 connectivities in a two-dimensional (2D) (Fig. 3) , the nonexchangeable 1 H signals in the stem of TSMC were successfully assigned using established NMR techniques (Wüthrich 1986; Varani et al. 1996; Wijmenga and van Buuren 1998; Flinders and Dieckmann 2006) . The aromatic-anomeric ''walk'' assignment starts at G1 and continues to C3 where it is interrupted. It resumes at C7-C8, breaks for the tetraloop and resumes from G13 to C16 and then G18 to C20. All intranucleotide H8 (or H6) to H19 cross peaks are medium to weak in the TSMC, which is consistent with the formation of anti-base conformations. The G13 H19 signal is upfield shifted to 3.71 ppm as is typical for a H19 proton 39 to a GNRA-type tetraloop (Jucker et al. 1996; Amarasinghe et al. 2001 C HCCH-COSY, and 13 C-HSQC-NOESY experiments assigned in a manner previously reported from our laboratory (Johnson and Donaldson 2006; Beribisky et al. 2007) .
A 2D 1 H-1 H NOESY and 2D 1 H-15 N HSQC spectra optimized for both amino and imino detection with the RNA in H 2 O were run to assign the exchangeable resonances in TSMC. A set of imino-imino NOEs were observed connecting the stem base pairs from G2 to G17, from G6 to G13, and from G13 to the upfield G9 imino in the GNRA tetraloop (Fig. 1 ). An NOE contact between the imino protons of guanines in the base pairs adjacent to the CC mismatch was not observed. The terminal G1 imino was also not observed, presumably due to its rapid exchange with the solvent. Cytosine amino (H41 and H42) peaks were observed and assigned for all nucleotides (C3, C4, C7, C8, C15, C19, and C20) with the exception of the two cytosines in the CC mismatch.
Structure determination of TSMC
The aromatic-anomeric walk and the imino-imino walk in the 2D 1 H-1 H NOESY spectra acquired in 2 H 2 O and H 2 O, respectively, defines the TSMC stem as being comprised of four canonical Watson-Crick base pairs in the lower stem and three canonical Watson-Crick base pairs in the upper stem, which flanks the CC mismatch. The GAAA tetraloop in TSMC exhibits the same pattern of NOEs as seen in previous structures of GNRA-type tetraloop folds and the same distinct chemical shifts indicating that this sequence forms a typical GNRA-type tetraloop structure.
The C5-C16 mismatch in TSMC forms a structure where both rings are positioned in the stem stacked with their adjacent base pairs. NOEs between C5H6 and G17H1 and C16H6 and G6H1 define the position of the bases in the CC mismatch as being internal and not bulged out (Fig. 4) . Using the nomenclature of Leontis and Westhof (2001) this base pair is classified as being cis. Though a complete set of aromatic-anomeric NOEs typical of A-form helix, are not seen at the CC mismatch, two of these NOEs are observed at and adjacent to the CC mismatch. These NOEs are those between C16H6 and C15H19 and G6H8 and C5H19 (Fig.  3) . These NOEs indicate that the stem at the CC mismatch retains some helical character, but is not completely A-form.
The two cytosine nucleotides involved in the CC mismatch (C5 and C16) are uncharged in the buffer conditions used for structure determination. This is shown by the absence of unassigned imino protons in the 
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at pH values of 4.7, 6.4, and 8.0. All cytosine H5/H6 correlations show significant chemical shift changes between spectra acquired at these three pH values. If a cytosine had an abnormally high pK a for its N3 atom, and was therefore protonated in this pH range, there should not be a significant change in the TOCSY spectrum when changing from pH 4.7 to 6.4. The structure of TSMC was determined using 260 NOEderived distance restraints, 75 dihedral angle restraints, 48 hydrogen bond restraints, and 7 sets of base pair planarity restraints. Fifty structures were calculated, with the 10 having the lowest energy being used to represent the structure of TSMC (Fig. 5A ). For the final ensemble there were no dihedral angle violations greater than 5 degrees, and only one NOE violation greater than 0.5 Å . The pairwise RMSD using all heavy atoms for the full structure (1.14 6 0.45 Å ) and the CC mismatch and its surrounding GC base pairs (0.71 6 0.24 Å ) indicate that this structure is well defined ( Table 2) .
The structure of TSMC consists of four canonical Watson-Crick GC base pairs in the lower stem and three canonical Watson-Crick GC base pairs in the upper stem that flank the CC mismatch. The GAAA tetraloop in TSMC forms a typical GNRA-type tetraloop with the three adenine purine rings stacked on top of each other. The structural ensemble (Fig. 5A) shows the right-handed twist of the A-form RNA helix in both the upper and lower stem regions.
The CC mismatch is well defined in the TSMC structure. The two cytosine pyrimidine rings are neutral and stack with their neighboring bases. Base stacking is shown by an aromatic-aromatic NOE between C15H6 and C16H6. The CC mismatch structure is also stabilized by a putative hydrogen bond between C5NH42 and C16N3 (Fig. 5A ). This CC mismatch disrupts the typical backbone geometry of an A-form helix. This is shown by breaks in the NOE connectivities found in the anomeric-aromatic walk between the cytosines in the mismatch and its adjacent nucleotides.
Binding of paromomycin by TSMC monitored by NMR
Binding of TSMC to paromomycin was monitored by changes in the NMR spectrum of the RNA in the absence and presence of an increasing concentration of ligand. A 2D TOCSY spectrum in 2 H 2 O was recorded of the free TSMC and at 13 points up to a final molar ratio of paromomycin to TSMC RNA of 3.6:1. Above this molar ratio, significant precipitation prevented further titration points from being obtained. The H6-H5 correlation region of pyrimidine nucleotides in the TOCSY spectra was used to analyze the binding interaction. This region is especially useful as it provides a direct window into the CC mismatch, as well as for every base pair of the TSMC stem.
An overlay of the 14 TOCSY spectra of TSMC free and in the presence of increasing concentrations of paromomycin is shown in Figure 6 . All H6/H5 correlations change chemical shift as paromomycin is added. All of the peaks are in fast exchange on the NMR time scale and a population averaged chemical shift is observed. This is opposed to slow exchange in which a bound peak appears as the free peak disappears. The correlations do not move in a straight line throughout the entire course of the titration. Instead, the peaks show a curved trajectory indicating that two binding events are occurring. All of the H6/H5 correlations appear at every point of the titration with the exception of C5. For C5, a residue in the CC mismatch, the H6/H5 correlation is not visible after the eighth point of the titration, corresponding to a molar ratio of 1.4:1, paromomycin:TSMC. Presumably, this residue experiences exchange-broadening motions that result in the disappearance of this peak when bound to paromomycin. For some nucleotides line broadening is observed during the course of the titration, with these resonances sharpening up at the end point. An example of this line shape change is seen for titration point 4 for C15 and point 7 for C15 and C8. This indicates that these resonances approach being in intermediate exchange on the NMR time scale. We note that the pattern of chemical shift changes observed with paromomycin addition is distinct in both direction and magnitude from that observed when changing the sample pH. Disappointingly, the chemical shift dispersion for TSMC, already poor in the free spectrum, becomes worse upon paromomycin binding.
Identification of the CC mismatch as the paromomycin binding site
The changes in chemical shifts of the H6/H5 correlations with paromomycin binding were fit to a sequential two-site binding model. The H6/H5 correlations follow a curved trajectory implying that more than one binding site for paromomycin is present in TSMC. At the start of the titration the first, high affinity, binding site becomes occupied with chemical shift changes reflecting this event being observed up to about point seven in the titration series, 1.4:1 paromomycin:RNA. Next, a second, lower affinity, binding event takes place with its chemical shift changes being reflected in the last seven titration points. Due to this curvilinear trajectory we used a sum of incremental displacements between successive H6/H5 peaks in the TOCSY spectra, and not a simple chemical shift change between the start and each titration point as used to represent the fraction bound in a single site binding model (Johnson et al. 1996) . The fraction bound was calculated from the sum of incremental displacements up to a particular point in the titration series divided by the total sum of incremental displacements (Equation 1 in Materials and Methods). Figure 7 shows the fits of the chemical shift perturbation data versus paromomycin concentration to a sequential two-site binding model. The affinity constant was not determined from these fits as ITC showed that binding is too tight to be determined accurately from chemical shift perturbations at the concentration used for NMR studies, 1.4 mM. In Figure 7A the residues that change chemical shift most with ligand binding are C16, C15, C3, C7, C4, C20, C19, and C8. In Figure 7B , the y-axis is represented by the percent bound, normalized to the fitted end point of the respective cytosine. During the fit to the binding model the value of the final chemical shift is fit to the data, with the final point from the titration being the initial estimate for this value. Therefore, Figure 7B reflects the level of saturation reached during the titration. Here we can see two distinct groups of cytosine nucleotides. The first group, comprised of C15, C16, C8, C4, and C7, are saturated the most and are all located in the upper part of the stem. The second grouping, C3, C19, and C20, are unsaturated relative to the first group and all are located in the lower base pairs of the stem.
Chemical shift changes were used to monitor paromomycin binding to TSMC RNA. Changes in chemical shift can arise due to direct interaction between the ligand and the RNA or from indirect structural changes in RNA resulting from paromomycin binding. Keeping this in mind, it is possible to deduce structural information on the nucleotides at the paromomycin binding site from the patterns of chemical shift perturbations. Figure 7 shows which nucleotide chemical shifts are most affected by paromomycin binding. Nucleotides C16, C15, and C3 experience the greatest magnitude of chemical shift change with binding (Fig. 7A) . Additionally, C5 experiences one of the largest changes in chemical shift with binding until the peak exchange broadens out and is not visible after the sixth addition of paromomycin. All of these nucleotides are part of the CC mismatch or within one or two flanking base pairs, demonstrating that the CC mismatch is the primary binding site for paromomycin. Nucleotides C7, C4, C20, C19, and C8 experience a decreasing amount of chemical shift changes with paromomycin binding. Further insight into the location of the binding sites can be obtained from Figure 7B . From the fit of the chemical shift data to the binding model, a final value of the fully bound chemical shift was determined. Using this final value, a percentage of the paromomycin saturation for each TSMC cytosine was obtained. This percent saturation was mapped onto the structure of TSMC in Figure 7C . Here two distinct groups of nucleotides are seen. The first, comprised of C15, C16, C8, C4, and C7, are most likely affected by binding at the high affinity site and their identity reflects the location of the high affinity site being comprised of the CC mismatch and adjacent base pairs. The second group, consisting of C3, C19, and C20, are significantly less saturated by the final titration point. Their bound chemical shift primarily reflects binding at the second, low affinity site. The location of this binding site is near the terminus of the stem. It is worth noting that C3 lies midpoint between the two binding sites and its magnitude of chemical shift change is large (Fig. 7A) , though its percent saturation by the final titration point is low. C8, the final base pair before the tetraloop, changes chemical shift the least, as it is the pyrimidine that lies furthest from either binding site. Yet it is among the most saturated as its chemical shift mostly monitors binding at the high affinity site.
Identification of the region in paromomycin important for TSMC binding
The effects of RNA binding on the chemical shifts of paromomycin were analyzed by monitoring the TOCSY spectrum of paromomycin acquired with an increasing concentration of TSMC RNA (Fig. 8) . The TOCSY spectrum of free paromomycin closely resembles what was previously reported (Fourmy et al. 1998 ) and assignments were confirmed using a combination of standard homonuclear NMR experiments. TSMC RNA was then titrated into paromomycin and TOCSY spectra were recorded at molar ratios of 10:1, 3.33:1, 2:1, 1.43:1, 1.25:1, and 1:1 paromomycin:TSMC RNA. Figure 8B shows an overlay of spectra from the titration focused on the anomericaliphatic region of the TOCSY. The anomeric proton is the chemical shift most sensitive to ligand binding in this titration. The anomeric proton of ring I moves the most (0.134 ppm), the anomeric proton of ring III moves 0.061 ppm and the anomeric proton of ring IV shifts the least at 0.030 ppm. Ring II has no anomeric proton, but the diastereotopic protons at position 2 provide a good chemical shift indicator of RNA binding. These two protons move 0.223 and 0.190 ppm upon RNA binding. Together, these data show that rings I and II experience the greatest chemical shift perturbations and are the primary target for RNA recognition. Rings III and IV show a smaller change in chemical shift and are less important for RNA binding.
DISCUSSION
Structure and dynamics at the CC mismatch and paromomycin binding NMR methods were used to determine the structure of the CC mismatch from the thymidylate synthase mRNA regulatory hairpin. The cytosine nucleotides in the CC mismatch are neutral as seen from NMR data acquired at different pH values, and they are not bulged out, but are part of the helical structure. Though not perfectly planar, the nucleotides in the CC mismatch form a base pair stabilized by a putative amino-imino single hydrogen bond. A similar CC mismatch arrangement has been seen in the structure of the Hepatitis C virus (HCV) internal ribosome entry site (IRES) eIF3-binding site (Collier et al. 2002) .
For the HCV IRES, fast positional averaging was proposed for the CC mismatch based on broadening out of the amino resonances of those cytosines. In our case, we also did not observe the amino signals in the CC mismatch in both the amino optimized does not reappear at higher paromomycin concentrations, so is not merely a result of a partially occupied binding site, but signal averaging between multiple conformations or motion of the ligand in the binding site. Motion at a CC mismatch was also observed for a mutant tRNA acceptor minihelix (Chang et al. 1999 ) and for a DNA molecule containing a CC mismatch (Boulard et al. 1997) . It is possible that aminoglycoside binding is linked to or enhanced by the dynamic nature of the CC mismatch. Consistent with this proposal, the antibacterial activity of paromomycin through its interaction with the ribosomal A-site has been linked to the conformational equilibria between intrahelical and extrahelical states of A1492 and A1393 at the A-site (Kaul et al. 2006) .
Comparison with other RNA-aminoglycoside interactions
The binding of paromomycin to TSMC was assayed by ITC and monitored by NMR spectroscopy. The importance of the CC mismatch was demonstrated by comparing the affinity of TSMC with a RNA containing a GC base pair in place of the CC mismatch. As seen by ITC, insignificant binding occurs in the absence of the CC mismatch (Fig. 2) . However, as binding could still occur with little heat being released, making this binding not detectable by ITC, we also confirmed the importance of the CC mismatch by comparing the NMR spectrum of the TSMC RNA with that of a fully Watson-Crick base paired stem upon addition of paromomycin. For TSMC many chemical shift changes were observed with the addition of paromomycin (Fig. 6) , in the case of the fully Watson-Crick stem only very slight and random chemical shift changes were observed. This confirms the requirement of the CC mismatch being present for paromomycin binding to occur.
Although the bases of the CC mismatch lie in the stem and stack with their adjacent nucleotides, the mismatch results in a structure that does not adopt a perfect A-form helix. This is shown by breaks in the NOE connectivities expected in the standard NOE walk found for residues with A-form geometry. The major groove in TSMC is widened compared to a standard A-form helix (Fig. 9) . This widening confers the ability of the CC mismatch-containing helix to bind paromomycin, while the fully Watson-Crick counterpart with a narrower major groove shows no binding. Other RNA molecules that bind aminoglycosides and aminoglycoside analogs also bind at a site that is distorted from standard A-form RNA geometry (Fourmy et al. 1996; Carter et al. 2000; Vicens and Westhof 2001; Ennifar et al. 2003; Raghunathan et al. 2006) or have been found to widen its major groove upon binding (Staple et al. 2008) .
When looking at the paromomycin chemical shift changes upon RNA binding we observe that the largest chemical changes are found in rings I and II with smaller shifts found for rings III and IV (Fig. 8) . This indicates that rings I and II likely form the most contacts with the RNA. The close involvement of rings I and II is consistent with previous studies of aminoglycosides binding RNA, in which these two rings form close contact with the RNA (Fourmy et al. 1996; Vicens and Westhof 2001) and indicates that the CC mismatch likely binds paromomycin in a similar manner as the A-site RNA. Intermolecular NOEs between paromomycin and the TSMC RNA were not observed. This, coupled with the disappearance of resonances in Cyt5 in the bound form and an increase in chemical shift overlap, precluded the structure determination of the complex.
TSMC has a stoichiometry of binding two paromomycin molecules per RNA. This is demonstrated by the curved nature of the trajectory of the NMR chemical shift changes with ligand binding (Fig. 6) and from the ITC experiments where the thermogram is similarly curved. For both the NMR and ITC data there is an inflection point around the same molar ratio of 1.4:1 (paromomycin to TSMC). This inflection point is where the higher affinity site becomes saturated and the lower affinity site starts to become significantly populated. Binding of two paromomycin ligands to the TSMC is consistent with previous ITC experiments where two binding events were observed in the interaction of paromomycin with the ribosomal A-site (Kaul and Pilch 2002; Kaul et al. 2003) . It is likely a common property of paromomycin, a polycation, to display both high affinity and low affinity binding to a single RNA target. Our ITC-derived average affinity of 0.5 6 0.3 mM for the high affinity TSMCparomomycin interaction is similar to the previously measured value of 2.241 6 0.210 mM (Tok et al. 1999 ). The small difference between our measurement and that of Tok and Rando may be a reflection of different buffer conditions used for the two measurements. The measurement by Tok and Rando contained 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , and 1 mM CaC 2 at pH 7.4 (Tok et al. 1999) , while the results presented here were performed in the presence of only 10 mM sodium phosphate at pH 6.4 in order to more closely reflect the conditions used for the structural experiments.
This difference in salt concentration may be reflected in the slightly weaker binding observed previously. Additionally, Tok and Rando report the presence of a single binding site, and not two as we report here. This observation may reflect the much lower concentration used for the fluorescentbased binding studies used previously where RNA concentrations ranged from 0 to 500 nM. In this study the RNA was present at a concentration of 20 or 35 mM. and C3 (cyan) . Note that C5 disappears due to line broadening at titration point 6 (1.4:1, paromomycin:TSMC). (B) Plot of percent bound normalized to the fitted end point of each cytosine residue. The nucleotides C4, C7, C8, C15, and C16 experience the highest levels of paromomycin saturation and are shown in red. The residues C3, C19, and C20 are characterized by a much lower degree of saturation at the final paromomycin:TSMC molar ratio of 3.6:1, and are shown in blue. (C) Chemical shift perturbation mapped onto the structure of TSMC. The percent bound by the final titration point is mapped onto the cytosine residues of the TSMC structure using a red color gradient. C5, the residue that line broadens and disappears is shown in red here. A high affinity site is located at the CC mismatch and is characterized by a concentration of residues in dark red. The lower affinity site is near the base of the stem and is marked by residues in pink. et al. 1987) . TSMC RNA was purified by denaturing (8 M urea) 20% polyacrylamide gel electrophoresis followed by electroelution. The electroeluted TSMC samples were pooled and then exchanged three times in a 5 kDa MWCO cut-off concentrator with sterilized 1 M NaCl and subsequently washed three times with water. From a 40 mL transcription reaction, a 500 mL, 1.5 mM NMR sample was obtained. For the 15 N/ 13 C labeled TSMC RNA, a 20 mL transcription reaction was used to produce a 500 mL, 1 mM sample.
MATERIALS AND METHODS
Preparation of TSMC RNA
NMR spectroscopy
NMR experiments on the unlabeled TSMC sample were acquired using a 600 MHz Bruker Avance spectrometer. A 2D NOESY (t m =200 msec) of TSMC in H 2 O/ 2 H 2 O (90%/10%) was recorded at 5°C. A 2D NOESY with a 250 msec mixing time, a TOCSY spectrum (Griesinger et al. 1988 ) with a 72 msec mixing time and a DQF-COSY were acquired on the unlabeled TSMC in 2 H 2 O at 20°C. Two 1 H-13 C HSQC experiments (Vuister and Bax 1992 ) recorded at natural abundance with parameters optimized for aromatic and ribose proton detection were also obtained.
NMR experiments on the 15 N/ 13 C labeled TSMC sample were acquired using a Varian 800 MHz NMR spectrometer equipped with a cryogenically cooled probe. These included a 3D HCCH-COSY (Bax et al. 1990 ), a 3D HCCH-TOCSY (Kay et al. 1993 ), and a 3D 1 H-13 C NOESY-HSQC (t m =100 msec) (Davis et al. 1992) . Using the 600 MHz Bruker spectrometer, 1 H-15 N HSQC experiments with the nitrogen spectral width optimized for both imino and amino proton detection were recorded at 5°C. All NMR data were processed using NMRPipe (Delaglio et al. 1995) , and visualized using NMRView (Johnson and Blevins 1994 
NMR data fitting
Chemical shift perturbation data from TOCSY spectra were fit to a sequential two site binding model. The equations describing this model are based from the work of Sykes and co-workers (Williams et al. 1986 ). The curve fitting algorithm used to extract the two dissociations constants for this interaction is found in the XY2 chemical shift module in the xcrvfit software (Boyko and Sykes 1994) . The concentrations of paromomycin and TSMC were adjusted for dilution during the course of the titration. The chemical shift changes in the H6/H5 resonances of TSMC due to paromomycin binding were monitored using TOCSY experiments. Due to the curvilinear trajectory of the H6/H5 chemical shift changes, an absolute value of the sum of incremental displacements in the H5 and H6 chemical shifts between successive titration points were used to determine the fraction bound as shown by
where i represents a point in the series of TOCSY titrations, n represents a position in the titration series, and the final titration point is denoted N. The ratio of the summations in Equation 1 was used to determine the fraction bound of paromomycin-TSMC species from i = 0 (unbound TSMC) to i = N (paromomycin: TSMC molar ratio of 3.6:1). Using the calculated fraction bound, the final bound chemical shift for each of the two binding events were determined by nonlinear least squares fitting using the program xcrvfit (Boyko and Sykes 1994) . NOE cross-peak intensities were categorized into distance ranges. Strong NOE cross peaks with intensities similar to pyrimidine H6-H5 correlations were binned from 1.8 to 2.8 Å . Medium NOEs with intensities similar to intramolecular H8/H6 to H19 cross peaks in helical regions were binned from 1.8 to 4 Å . Weak NOE contacts, such as intermolecular H8 n /H6 n to H19 nÀ1 cross peaks, were binned from 1.8 to 5 Å . Very weak NOE cross peaks were binned from 1.8 to 6.5 Å . Base pair planarity restraints were applied to constrain the propeller twist or rotation of GC base pairs in TSMC. Hydrogen bond restraints were applied to the seven observed GC base pairs and for the GA noncanonical base pair of the GNRA tetraloop (Jucker et al. 1996) . The ribose rings of residues showing no H19/H29 cross peaks in a short mixing time 2D 1 H-1 H TOCSY (G2, C3, C4, G6, C7, C8, G14, C15, G18, and C19) were constrained to a C39-endo configuration. The sugar rings of the GNRA tetraloop residues, the CC mismatch cytosines, terminal GC base pair, and G17 were unconstrained. RNA a/b/g/ e/z dihedral angles for nucleotides that showed NOE patterns typical of A-form helix geometry (nucleotides 1-3, 6-8, 13-15, and 17-20) were assigned to standard A-form helix values. Structure calculations were performed using XPLOR-NIH (Schwieters et al. 2003) . Database potentials were applied to residues in the stem, with the exception of the CC mismatch and adjacent base pairs (Clore and Kuszewski 2003) . From a starting set of 50 structures, the 10 structures with the lowest energies were selected to represent TSMC. The structures were analyzed using PyMOL (DeLano 2002) and VMD-XPLOR (Schwieters and Clore 2001) .
Binding analysis by isothermal titration calorimetry
Isothermal titration calorimetry (ITC) was performed using a MicroCal VP-ITC instrument. Paromomycin and TSMC solutions were prepared in the same binding buffer as used for the NMR binding studies. Binding experiments were performed with TSMC solutions at 20 and 35 mM using paromomycin concentrations of 352 and 616 mM, respectively. The ITC experiments were performed at 20°C and consisted of 36 successive injections of 8 mL of paromomycin every 3 min into the TSMC RNA. The raw ITC data were corrected for the heat of dilution of the titrant. ITC binding experiments using the fully GC base-paired TSMC RNA were performed using the same procedure.
Atomic coordinates
The restraints and atomic coordinates of the TSMC RNA have been deposited in the Protein Data Bank and are available with the accession code 2RPT.
